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SECTION 1
INTRODUCTION

This report is a supplement to the previously published réport1
of March 1978 and summarizes the work which took place after that date.
The lightning analysis and testing are now complete and this work will

conclude the contract.

The subject matter herein concerns:

computation of the aft strut cable voltages;
thrust vector control actuator test results;

thermal protection system test results;

a N o e

circuit damage analysis of the range safety system.

In each case the analyses and/or tests were done using the NASA '"worst
case' lightning waveformz, i.e., 200kA peak return stroke current and

100kA/us rate of current rise.

The labor was supported by contract NAS8-31168, Marshall Space
Flight Center. The contracting officer's representative was Mr. B, E.
Gallaher. Mission Research Corporation was supported by Lightning and
Transients Research Institute (LTRI) under the leadership of Mr. J. D.
Robb, with subcontract SC-31168-75-0006.

1. Perala, R, A, and R, B, Cook (MRC) and J, D, Robb (LTRI), Final Report:

Support of Lightning Analysis and Testing on the Solid Rocket Booster
(SRB) Vehicle, AMRC-R-122, Mission Research Corporation, March 1978.

2. Space Shuttle Program Lightning Protection Criteria Document, National
Aeronautics and Space Administration, Lyndon B. Johnson Space Center,
JSC-07636, Revision A, November 4, 1975.




SECTION 2
SUMMARY OF WORK

COMPUTATION OF AFT STRUT CABLE VOLTAGES

In this part, the potential appearing in cables running from
the orbiter to the external tank across the aft struts is computed. This
potential had been calculated by Johnson Space Center as 180V (see Section
3.3 of reference 1). The potential induced in signal cables crossing a
strut from the external tank to one of the solid rocket boosters has been
previously co;npu;ed1 to be 23V, The total voltage is then the sum of

these two values,

In this study, the potential induced in the orbiter-external
tank cables is computed to be 121V. The total voltage is then 121+23 = 144V,
The computations involve two steps, (1) a current division between the
struts and other metallic parts and the cable shields, and (2) a calcula-
tion of the induced voltage using the transfer impedance of the cable. A
'worst case' lightning current path is used, i.e., the 200kA peak current
flows in at the leading edge of an orbiter wing and across the aft struts
on one side to a solid rocket booster and out the exhaust, The computa-
tions were previously published as an addendum to reference 1 and are

reproduced here as Appendix A.
THRUST VECTOR CONTROL ACTUATOR TEST RESULTS

The conductive exhaust is one of the likely lightning paths

during launch; lightning current would therefore travel through a rocket



nozzle. The solid rocket booster nozzle is steered by two actuators
(hydraulic cylinders) mounted at 90° to each other. The cylinder pistons
are electrically insulated from the rest of the cylinder by '"O" rings

and the hydraulic oil. Arcs to the piston will therefore occur and pits
will be formed, which may abrade the "0" rings during operation and cause
loss of oil and thus steering. An experiment at Lightning and Transients
Research Institute and measurement of the leakage at Marshall Space Flight
Center (MSFC) were chosen over analysis as leading to the quickest and
most accurate results. The experiments are described in Appendices B and
C:

Appendix B, LTRI Simulated Lightning Strikes
Appendix C, MSFC 0il Leakage Test Report

The measured oil leakage during a rigorous exercise of the damaged cylinder

was only 2% of that allowable.
THERMAL PROTECTION SYSTEM TEST RESULTS

The thermal protection system consists of cork or ablative
material applied to the areas of the solid rocket booster which will
receive the greatest aerodynamic and/or exhaust heating. The function
is to thermally insulate cables and electronic components and to prevent

overheating of metal sections which might fatigue.

A lightning strike to the insulating material would be expected
to blast away portions of it; increased aerodynamic or exhaust heating
would then occur below the damaged area, Simulated lightning strikes on
test panels were performed at LTRI (both swept strokes and stationary
arcs) and the panels were exposed in the Hot Gas Facility at MSFC. Thermo-
couples behind the damaged areas recorded the temperature. These experi-

ments are described in Appendices D and E:

Appendix D, LTRI Simulated Lightning Strikes

Appendix E, MSFC Temperature Measurements



Blast damaged areas up to four inches in diameter were found after the
simulated lightning strikes. In two out of the eight thermal tests, the
temperatures exceeded slightly the design maxima, but no excessive addi-
tional removal of insulating material was found in the Hot Gas Facility
test. MSFC considers the results to be marginally acceptable, as indicated

in their letter of October 2, 1978, reproduced as Appendix F.
CIRCUIT DAMAGE ANALYSIS OF RANGE SAFETY SYSTEMS

A damage analysis of the circuitry of the external tank range
safety system and the solid rocket booster range safety system was under-
taken. This circuitry had not been analyzed at the time that the final
report1 was written. The methodology used was identical to that in Section
5.3 of the final report. It should be noted that a value of 180V for the
potential appearing in cables running from the orbiter to the external
tank across the aft struts was assumed in all of the circuit damage analyses,
although a lower value was computed in the later stages of this study. The
analyses and recommendations have been distributed for inclusion with those
done before March 1978,
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INDUCED CABLE VOLTAGES DUE TO LIGHTHING
CURRENT ON ORBITER-EXTERNAL TANK AFT STRUTS

INTRODUCTION

The worst case is a strike to the orbiter wing, in at 3 and out
at A. The entire 200kA strike will then flow through the aft struts (see
Figures 1 and 2). Figure 3 shows the cable runs to be analyzed. The right
hand side is taken as the worst case since the hydrogen feed line bypasses

current from the cable run on the left side.

There are two cables running in a tunnel, a section of which is
shown in Figure 4. Each cable has been scaled from Figure 5 to be 1.4

inches in diameter.

This analysis will break the conduction path into two parts, A
and B (Figure 3), solve the current division problem for each path in order
to find the cable shield currents, find the voltage induced in the cables
for each path using a transfer impedance measured for a similar cable, and
add those voltages. This sum will then be added to the 23V previously
computed1 for cables running from the external tank to the solid rocket

booster across the aft strut.

YPerala, R. A. and R. B. Cook (MRC) and J. D. Robb (LTRI), Final Report:
Support of Lightning Analysis and Testing on the Solid Rocket Booster (SRB)
Vehicle, AMRC-R-122, Mission Research Corporation, March 1978, p. 18.
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PATH A

The cable tunnel on the 11.9-inch diameter strut is shown in
Figure 6. From this scale drawing, the cross-section model of Figure 7

is derived.
The inductance of the strut is given by?

_ 4%
Lorut 0.00508% (%n —3~ - 0.75)uH (1)

where £ is the strut length (inches) and d is the strut diameteT (inches) .

Path A is seventy inches long so

4.70
11.9

L - 0.00508 (70) (&n - 0.75)

stru

= 0.856uH .

Similarly, the inductance of the tunnel is found to be?

28
0.00508% (&n BaC + 0.5 - 0.0024)

where B and C are the cross-section

Ltunnel

dimensions

2:70
0.00508 (70) (&n 5 €+ 8.4 + 0.5 - 0.0024)

"

1.08uH

The mutual inductance is difficult to compute but is found with the use of
the model in Figure 8, which is the model of Figure 7 with the rectangular
tunnel replaced by a round tunnel of equal perimeter. The mutual inductance

is found to be® 0.477uH.
ZGrover, F. W., Inductance Calculations: working Formulas and Tables,
Dover: New York, 1962, p. 35.

31bid., p. 31.
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Figure 8. Cross-sectional model of the cable tunnel on strut
used for computing their mutual inductance.

The equivalent circuit of Figure 9 can now be drawn, neglecting strut

and tunnel resistances, which are inconsequential.

L* 200kA
Strut| e Cable Tunnel

Lgpyt = 0-856uH g % Leynne1 = 1-08"

~i .
{ strut j‘tunne]
! M=0.477uH

Figure 9. Equ1va1ent circuit of Path A, with cables
lumped into the cable tunnel.




The current division is now

1strut . Ltunnel -M
1 tunnel Ls'crut'M
1.08 - 0.477

= 0.856 - 0.477

1.595

1

or

1 unnel 0.3861 = 0.386(200kA) = 77.2ZKA.

The tunnel and cables are now placed in parallel in a similar manner.

The inductances and resistances of the cables and tunnel are first computed.

NASA has measured the resistance (at unknown frequency) of a
similar 0.52-inch OD cable" to be 0.7m2/ft = 0.06m/in. The resistance

of the tunnel cables in scaled from this value assuming equal shield

thicknesses:
_ B2 (0.52in.\ ...
Rcable = 0.06 in.(l.Ain. ) 70in
= 1.52mQ

The conductivity of the steel tunnel is assumed to be® 1.5-1065/m = 3.8-104U/in.
Some frequency-domain computations are now done for convenience. The frequency
of choice has a period of four times the rise time, or 125kHz. The skin depth

at this frequency is

«Perala, et al., op. cit., p. B3-11.
SAttwood, S. S., Electric and Magnetic Fields, Dover: New York, 1967, p. 127.
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steel (rfuo)

- L
{n(125+10%)am-1077 (1.5-109)} 7

1.16+10 °m

4.57-10'21n.

where U = uo since the steel is expected to be saturated at these currents.
Reference to Figure 4 shows that the current carrying area of the tunnel is

then 1.0 inchz. The tunnel resistance is then

Riunnel =~ OA

70
a .
3.8°10 (1.0)

1.84m7 .

The inductance of the two cables in parallel (including the mutual inductance)

P ]
1s

28 7
L = 0.00508% {&n — - 7 JuH
cables ( /EE 8)

where p = 0.70 inch is the radius of one cable and d = 2.8 inches (scaled
from Figure 5) is the distance between centers. Making the substitutions,

L = 1,33uH.

cables
The equivalent circuit of the tunnel and cables in path A is now shown
by Figure 10, in which there is no magnetic coupling between the cables

and the tunnel since the tunnel current js assumed to flow on jts outside.

sGrover, op.cit., p. 37.
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A current division is now done at 125kHz in the circuit of

Figure 10(c). .

Rcable
anbles B 2 vy f Lcables
1.52+107° 3 -6
= 2t ] 21 (125+107) 1.33+10
-3 .
= 0.76°10°° + j 1.04
=3j 1.04 )
ztunnel = Rtunnel vjmf Ltunnel
. 1.84-10°3 + § 27 (125+10°) 1.08-107°

1.84-10'3 + j 0.848

j 0.848 &
The current division is now

1cables = Ztunnel

1tunnel zcables

_j 0.848
5 1.04

L}

0.815



or

1cables 0.449 i . (2)

0.449 (77.2KA)

34.7KkA

and i
i - cables -
cable 2 (3)

34.7KA
2

17.3kA .

The transfer resistance and inductance of the previously mentioned 0.52-inch
OD cable has been measured’ as RT = 3.53mQ/m and L.r = 1.40nH/m. The peak

voltage induced in a cable in path A is then expected to be

= : 4q .
Ya” Q[P“T feable T MT G 1cable] , (4)
- 2e1n3
= 1.78{§.53-10‘3(17.3-1o3) + 1.40e1070 17.3°10
-6
210
= 109 + 12.1
= 121V

PATH B

Reference to Figure 3 shows that the cable tunnel in path B is
electrically in parallel with the external tank. The length of path B is
the same as that of path A, so the tunnel resistance and inductance are
not changed. But one would expect the external tank to form a low resis-

tance, inductance-free path in parallel with the cable tunnel. The model

7TPerala, et al, op. cit., p. 13.



for path B will then place the cable tunnel above an infinite conducting

plane of thickness 6 teel and connected to the plane at each end-as shown

in Figure 11. The exact form of the contacts at the ends of the tunnel is

not obvious from Figure 3, so they are taken as 15-inch resistanceless

disks for simplicity.

Figure 11. Model of Path B

The resistance of the plane between the disks is computed using

the analogy between their capacitance and the conductance between them,

i.e., if

(@]
"

¢ f(geometry)

then
o f(geometry).

(]
[}



The capacitance is well known and given by

C = emd F
£n z£
d
S0
LI
in —
d
or
in 2&_
R = d
plane Oéteel T 6steel
en 2!;?0

3.8-104(n)4.57-1o'2

0.409m72.

An equivalent circuit of path B can now be drawn as Figure 12, neglecting

the inconsequential tunnel resistance.

} i = 200kA

Rp] ane = 0-‘0%‘2 Ltunne'l = 1 -OSUH

ip'lane itunne‘l

Figure 12. Equivalent circuit of Path B, with cables
lumped into the cable tunnel.



The current division is

- \Ztunnel‘

1plane

i
tunnel

-oT

i
tunnel

A cable current can be

1cable

The peak voltage induced in a cable in path

Equation 4),

\zplanel

am £ Ltunnel
R

plane

2Tr(125-103’)1.08-10’6
0.409-10'3

2070

4.8210"%4

4.82-10'4(200kA)

96.4A.

found with Equation (2) and (3),

0.449 i
2 tunnel

0.449

3 96.4

21.7A .

B is then found with



. d . N
R[RT 1cable * LT dat 1cable]

1.78[3.53-10'3(21.7) + 1.400107% 217 ]

"

2.107°

0.16V

CONCLUSION

The voltage induced in a cable running from the orbiter to a

solid rocket booster is then given by

vV = va + Vb + 23\

121 + 0.16 + 23

L]

144V

where 23V is the value previously computed for cables running from the

external tank to the solid rocket booster across the aft strut.
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FOREWORD

This report, L&T No. 672, covers lightning tests of the Space Shuttle
SRB Thrust Vector Control Actuator. LTRI scientific personnel participat-
ing in the tests included J.D. Robb and Dr. T. Chen.

Mr. John Schmelzer representing Mission Research Corporation witnessed
the tests.

The technical representative on the contract for NASA was Mr. B.E.
Gallsaher.



1.0 INTRODUCTION AND SUMMARY

Lightning tests have been carried out to determine the degree of pitting
expected from lightning strike currents passing from the Solid Rocket Booster
(SRB) case through the Thrust Vector Control (TVC) actuator to the SRB ex-
haust plume., Calculations have been made by MRC ataff at Mission Research
Corporation to determine the lightning curreant component magnitudes which
would pass through the TVC actuator if a 200,000 ampere lightning strike
passed through the entire shuttle vehicle and these were applied in these
tests. The problem of primary concern was lightning current pitting of the
hydraulic cylinder surface which could tear the "0" ring seals during acti-
vation and cause hydraulic fluid leakage. No evaluation was made of the
Flight Center and the :actuator was therefore returned.

2.0 TEST OBJECT IDENTIFICATION

The hydraulic cylinder tested was a cylinder for Saturn IC which was
essentially the same as the Shuttle SRB actuator in the critical areas of
the hydraulic seal and cylinder surface.

3.0 TEST PROCEDURE

The test procedure is attached in Appendix I. The test arrangement is
illustrated in Figure 1.

4.0 TESTS AND TEST RESULTS

The desired current components defined by MRC calculations consisted
of a high current impulse of 21,000 amperes, followed immediately by a DC
continuing current of 20 amperes DC for 300 milliseconds. The actual test
currents were 21 kiloamperes with a continuing current of about 22 amperes.
The DC component could have been adjusted to a closer current value but only
at the expense of additional test time and it was felt that the easily ob-
tained value of current was sufficient in view of the wide variation to be
expected in natural lightning continuing currents.

The tests were carried out according to the test procedure as shown in
Table I by firing two current levels, the level specified and twice this
current level with various configurations of bonding jumpers as specified in
the attached data sheet.

The test current oscillograms and photographs of the test arrangements
for the tests are shown in the attached figures.

5.0 CONCLUDING DISCUSSION

Lightning test currents corresponding to the calculated values of cur-
rent through the actuator for & 200,000 ampere strike to the Shuttle were
passed through the actuator and it has been returned to Marshall Space
Flight Center for assessment of the damage.
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TABLE 1
Data Sheet

Lightning Teste SRB TVC Actuator

bonding jumper
twenty inches

Probe positions

Test # 2

Test Probe Cylinder Charge
No. Pogition Position Kv

1 20
2 A 2 20
3 B 1 20
T4 B 3 40
5 B 3 40
6 B 4 40

RHigh DC
Current Current
KA A
20 22
20 22
20 22
40 22
40 22

20

DC

1

i

i

No. of
Duration Bond
Straps

sec
sec

sec

sec
sec

sec

Test # 3,5,6,7
B

Cylinder Positions

Remarks

Calibration

Prefired, current
sparked over to
ground. No cur=
Tent thru test
object

Repeating #4



For all oscillograns:
Slow sweep (upper sweep)
0.2 sec./div.
32 Amp./div.

Fast sweep (lower sweep)

S us/div.
18 XA / div.
TEST # ]
TEST # 2

TEST ¢ 2




For all oscillograms:
Slow sweep (upper sweep)

0.2 sec./div.
32 Anmp./div.

Fast sweep (lower sweep)
5 us/div,
18 KA/div.

TEST # 3

TEST # .3




TEST # 5
Slow sweep

0.2 sec./div.
32 Amp./div.

Fast sweep

5 us/div,
18 KA/div.

TEST # 5




TEST # 6
Slow Sweep

0.2 sec./div.
32 Amp./div.

Fast Sweep

5 us/div.
18 KA/div.

TEST # 6




TEST # 7
Slow sweep

0.2 sec./div.
32 Amp./div.

Fast sweep

5 us/div,
18 KA/div.

TEST ft 7

Photo of test object
after all of the tests



PRELIMINARY TEST PLAN FOR DETERMINING THE !
DIRECT EFFECTS OF LIGHTNING STROKES TO THE .
'SRB TVC ACTUATOR

1. INTRODUCTION AND BACKGROUND

One of the most likely lightning entry/exit points for the Space
Shuttle cluster during the launch phase is the SRB conductive plume. This
means that the lightning current would travel up the plume into the SR3
Nozzle. Each SRB has two actuator arms which connect between the aft
skirt and the nozzle compliance ring. It is therefore possible that a

substantial lightning current can flow in these actuator arms.

The actuator arms are continuous metal with one exception: the 3
piston and the piston rod are dieclectrically separated from the actuator ‘
body. The piston is separated by means of the actuator hydraulic fluid,
and the pisfon rod is separated from the actuator body by rubber "0'" rings.

To mitigate lightning effects in the present configuration, there are two

bond straps, each twenty inches long, connected from the compliance ring to

the actuator body.

Because these bonding jumpers still represent a significant impe-
dance, a substantial voltage may appear across the "0'" ring gap. If arcing

occurrs, pitting of the rod may occur, which could result in subsequent loss

of fiuid and thrust vector control.

It is therefore important that the significance of this effect

be determined. , .



2. OBJECTIVE

The objective of this test is to determine the effects of-

lightning currents on the TVC actuator.
J : o

3. RATIONALE

These tests are required because the SRB is required to survive
a direct lightning stroke as defined in Reference 1.: This effect can best

be determined experimentally.

4. TEST O0BJECT

The test object is a Saturn 1C actuator. This has the same
actuator body and piston dimensions and clearances as the SRB TVC actuator

and therefore no extrapolation of the test data is required.

5. TEST DESCRIPTION

The test set up is indicated schematically in Figure 1. The
lightning generator is connected to the actuator in a low inductance coaxial
geometry, i.e., the plus side of the generator feeds the piston via the
center conductor of a coaxial geometry, and the return is via the outer

conductor, which is really a cagc of parallel wires. -

The lightning generator provides a threat level (x) waveshape
huving a 2 usec risc time and is A damped sinusvia auving a Q os 6, and a

peak amplitude of 21 KA. The continuous current is 300 ms long and has an

1. Spacec Shuttle Lightning Protection Criteria Document, JSCO07636, XNASA,
Lyndon B. Johnson Space Center, liouston, Texas, September 1973.




| “ 4 Bond
g Straps (20" long)

Actuator Body

Piston /
-t A 29

Generator

(RS
Lightning™ 7»2412.

Low Inductance Return (Coaxial Return)

Figure 1. Schematic Diagram of Test Set Up

amplitude of 24 A. This is based on measurements of bond strap and
actuator arms resistances made at MSFC, and computations of inductances,

and solving an equivalent circuit model.

Because the piston has a twelve inch stroke, it is estimated
that a total of four shots can be made, each one with the piston displaced
three inches from the previous shot. The four shots will consist of a

permutation of threat level (x) and the numbexr of bond straps as follows:

Shot No. Amplitude No. Bond Straps
1 X 2
2 2X 2
3 X 4
4 2x ' 4
This andormation will be carcfhlly recovded in tie data log and

correlated with the piston position.

Aficr the test, the test object will be shipped back to NSKC

for evaluation.



APPENDIX C

MSFC TEST REPORT
THRUST VECTOR CONTROL ACTUATOR OIL LEAKAGE



Enclosure ITI-

DIRECT LIGHTNING EFFECTS DEVELOPMENT TEST - SRB TVC ACTUATOR

1.0 INTRODUCTIOR AND SUMMARY

Hydraulic actustor development testing has been carried out to detercine
the degree of demazge to the actuator O-ring seals caused by the pitting sur-
faces due to simulated lightning strokes. -‘Calculations had previously beer
made by the staff of Mission Research Corporation to deter—ine the lightining
current megnitudes that would pass through the TVC actuator if a 200,000 a=-
pere lightning strike passed through the Shuttle vehicle. These currents
vere pessed through the actuator in a test performed by Lightning & Treansiente
Research Institute causing pitting and roughness of the piston due to arcing
of the lightning current across the cylinder/piston interface (ref. L&T Peport
No. 676, Enclosure I). The actuator was then returned to MSFC and this test
reports on the leskage caused by the lightning demage while the actuator wes
being exercised under full pressure and flight profiles.

2.0 TEST OBJECT IDENTIFICATION

Tne hyérzulic actuetor tested was a Seturn 1-C ectuzstor which was essen-
tially the same as the Shuttle SAB actuator in the criticel areas of the
hydraulic C-ring seesls and piston surface.

3.0 TEST PROCTIDURE

The test procedure is attached in Enclosure II. The test errangerent is
illustreted in Figure I.

k.0 TESTS AND TEST RESULTS

The tests were performed in accordance with the procedure in Enclosure II
with the exception of test #h as discussed below. Hvdraullc fluid terperature
at beginning of test wes 78°F and at end of test was 84°F. Totel pressurized
time wes 47 minutes. There was essentially no leekage at the beginning of
the test.

Test #1 consisted of moving the damaged erea, cazused by the expected
lightning current passed through the actuator with four bond streps, across
the cylinder/piston interface. The test lasted for 125 seconds (SRB flight
time) with the piston moving at 0.12 hertz. At the end of the test the leakage
rate had increzsed from essentially O to 1 drop per 10 seconds. Allowable
leakase was 2% gallons. This test was considered successful.

Test #2 consisted of moving the demaged area, caused by the expected
lightning current passed through the ectuator with two bond straps, across
the cylinder/piston interface. This is the present design configuration.

The test lested 125 seconds with the piston moving at 0.12 hertz. At the

end of the test the leakage rate had increased from 1 drop per 10 seconds to
1 drop per 5 seconds. This test was considered successful and confirmed thzt
the design configuration is adequate.



Test #3 consisted of moving the damaged area, caused by 2 times the
expected lightning current with two bond straps, across the cylinder/piston
interfece. The test lasted 125 seconds with the piston moving at 0.12 hert:.
At the end of the test the leakage rate had increased from 1 drop per 5 seconic
to 1 drop per second. This test was considered successful and demonstrated
that the design configuration was adequate for a lightning strike twice the
expected amplitude.

Test #4 deviated from the test plan in order to me¥e it a more severe
test. The stroke was increased to full extension a2nd retraction of the pistorn.
This allowed the damaged area of rll five test lightning strikes to wipe ell
O-rings. Two of the dazage arees were from double the expected lightning
current. 1In addition the piston was left free to rotate so thet a greszter
surfacekarea of the O-rings would be dzmzged. Total rotation during the test
was aboup 45 degrees. The test was allowed to run for 10 cinutes. At this
tice the leskage rate had become a thin streaxz. The test was terminated
because the leakage wes still mirni=2l znd the test tirme &nd severity far
exceeded eny flight conditions.

5.0 CORCLUDING DISCUSSION

Total leakage for all the tests was 200 milli liters. Allowzble lezkzce
for one SRB flight is epproximately 9.8 liiers. In addition to the test. runs,
the actuator was cycled approxirmately 75 additonel tizes during test set-urs
wbile adjusting bias for null position end to edjust stroke lengtkh.

The success criterias wes to pess test #2. The severity of test #L plus
the additionel cycling time indicates that & large margin of safety exists
over and ebove this. We can conclude ,therefore,that the S=R actuator can
survive & lightning strike in flight without degrading the rission performarnce.

Testing wes perforced at MSFC, building L656,by EC25 and ELSS.

SMKW

B. E. fellaher, ELS5

Loz K

W. A. Swords, EC25
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LTRI TEST REPORT
SIMULATED LIGHTNING STRIKES TO
THE THERMAL PROTECTION SYSTEM
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1.0 INTRODUCTION AWD SUIDMARY

Lightning tests hava been conducted on the thermal protection cynten
for the Space Shuttle Solid Rocket Booster (5RB) to determine the eifcets
of divect liphtning strikes. The tests consisted of swept high curreat
lichtning strokes, stationary high curwent lightning strokes arnd dielcce-
tric streagth tests of the materisls. The tests ghowad aredc of cracks
and delamination up to about 4 inchies in diameter snd dielectTic strenstic
o2 adour 200,000 velts maximum,

2.0 TATIONALL
' The tests are required becausa the TPS material 4s required to survive
a diyect lightaing stwike ss defined in Refereace 1.* The effect of light-

ning can best be determined experimentally.

3.0 7TusST O03JUCTS

The test objects consisted of samples of TPS wmaterial as listed in
Table I consistiag of cork and fosm materials of several thicknesses.

-
-

- a

4.0 TEST PLA

The test plan is attached in Appencdix I and degeribes the test arraage-
zeats and the experimental test waveiorms.

5.0 TiST DPROGRAM

S.1 Swept Strolte Tests .

The swep? stroke fests were carried out using the test arrangement
{1lustrated in Figures la and 1b., The test wavefoirms for the high cuzzent
discharges are shown in Figure 2. The arc was initiated by an 0,008 inch
diameter stzinless wire off the left side of the test panel, The arc was
blown over the test panel by the windstream and a high rate of vise curreat
$ x 1020 A/s (using a 600 XV Marx impulse generator) was initicted as thae
arc reached the approximate ceater of the panel, The compoaent was followed
{rmediately by a high current component (100,000 amperas), &n intermediate
componeat, 15 coulozmbs at 3000 amperes decaying to the Tesidual of the 400
ampere continuing component. With this rate of vise arc sweeping about
three feet maxinua was required to puncture the TS matevial,

The darage as illustrated in Figure 3 consisted of punctures of the
TPS of quarter {inch diameter pit marks oa the aluminum base metal and crack—
ing of the TPS for a distance of about two inches from the coatact ﬁo}n: for
about a four inch dianmeter area of indiczted damage. Further hot gfas test-
iag will be carriced out on tha test sample by Marshall Space Flight Ceater
to daternine the 1nglications'of the lightning test damage.



5.2 Stationary Arc High Current Tenting

The object of thess tests was Lo deceraina the effecto of a 200,000
ampeve gstationary discharge on the TIPS material. The test discharjea
vare fived into the TPS material and the damage vhich was sinilar to the
swopt sivoke teat is {1lustrsted in Figure 4. A5 with cthe gwept sivolics,
the test samples are being returned to Mavshall Space Fligat Ceater fov
hot gro testing.

5.3 ©TC Dieloctzic Streanth Tests

L4

The DC dielectric tests wore carzied out by placing a gtondard ASTH
dimlectric streagth test electrode on the material and charping it To a
potential at which tha TPS matericl punctuved beneath it. he veltooa vas
—zised in 25 KV Increments and lest at each level Zoxr 30 geconds uncil nunce
sure occurved., The test results a-e showm ia Table II. On the thickest
co-k teu: sample puncture could not bhe obrained coaventently with tae LC
fasulicies available because of tho larpe DC leaisge CulIdnis. Tre cur-
—ants incicated a DC resistance veiue of about 140 mepolms. 7hls coeot re-

- Vsal

sult indicates that the nrecipitation static charging oI tue aszterisl should
be rapidly bied oii decaus? of the relatively low reslizuivity oZ the cor4.
This value of 140 negohns while glighcly beyoud the maiimus sllouvahie velue
of 100 megounms used by LIRI for crnii-static coatings fov atwevait Ziying i
dease sacw should

,
be more than cdéaquate for the limited shoTt curation charg-
ing ancicipated for

To comnlete the dialectric tests, impulse toests were carsied oul on
she mazerial. A s=all Marx genezaltor WLS uced and a voltage of aboul
205,000 volts w3s requived to puncture the thickes:t TPS material, Qne
impulce dialectric streagths of the test samples are also presented i
Table 11. ! : .

6.0 CONCLUDING DISCUSSION

Lightaing tests have been carried out oa tha TPS samples supplied by
MSFC and the tests showed cracking of the TIPS about 4 inches in diametew,
a punctuve crater sbout 3/4 inch in diameter: and dielectyic strensihs
varying from 100 to 300,000 volts. With the hish rate of rise dischas
used in the gcwept stroXke tasto, 3 paximun are length of about threa fae
was requived to puncture the TPS by inductive drop potentials. The pit-
ting of the motal base material was only about one-quazter inch in dicmeter
and an escimated 0,010 inch in depth. Thus the damage produced by thesa
severe test waveforns would be described by LTRI as only moderate. g

v

Toe
~
-
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APPENDIX E

THERMAL TESTS OF LIGHTNING-DAMAGED
THERMAL PROTECTION SYSTEM PANELS



RESULTS OF AERO-THERMAL _VERTFICATION TESTS OF STMULATED
LIGIITNING STRUCK SRB TPS SPECTMENS

1. BACKGROUND: The nose cone and aft skirt are the most likely areas of the SRB
to be struck by lightning during the on-pad and low altitude ascent conditions.
Simulated lightning strikes were imposed on some represcntative TPS test panels.
Reference letters EL51(173-177), "Performance of a Simulated Lightning Test on

the SRB Thermal Protection System"; EE11(77-273), "Simulated Lightning Tests

on SRB Thermal Protection System (TPS)". .

Four of these lightning struck panels were tested in the MSFU Hot Gas Facility (HGF)
to determine any additional damage to the TPS by simulated flight aeroheating.

Also, the tests were to determine if the TPS, after a lightning stgike, can
maintain the structural temperature within the design limit-of 300°F.

2. TEST DESCi'PTIONS: Four lightning struck TPS test panels were tested in the
HGF as per the SRB TPS verification test criteria (Appendix 1), reference EP44(78-77).
The total heat (BTU/ft2-sec) for each specimen tested,in table 1 of the criteria,
is a typical maximum value for its areas of application on the flight vehicle. The
indicated qcy (BTU/ft2-sec) values are the maximum cold wall heating rates for
the indicated test position. These maximum values were used to determine the
test durations (time = total heat/q.y) to assure that some TPS remained on the
general specimen area to the end of the test.

3. TEST RESULTS: Figures 1, 2, 3, and 4 are temperature - time plots of
thermocouples mounted to the backside of the substrate. These measurements were
located at the approximate geometric center of the damaged area (Tl and T3) and
at the interface of the damaged and undamaged area (T2 and T4). The approximate
local test heating rate at each lightning struck area is also indicated.

The sanmples were tested at the specified durations except C6b. This test was
manually terminated at 42.75 seconds instead of the planned 45.4 seconds due
to the substrate temperature exceeding 300°F at the center of the forward
damaged area. ’

It appears that thermocouples Tl and T2 of panel Cé became unbonded at approximately
48 seconds, producing erroneous data beyond this time. A computer projection of the
temperatures was made to determine the resulting values if the test had proceeded to
the planned 45.75 seconds and had the debonding of the thermocouples not occurred.
The resulting values for Tl, T2, and T4 as indicated in the test results matrix are
acceptable and T3 is marginal at 312°F.

Temperature projections vereoalso madeofor panel Cl. Tge projectgd values vs.
the measured values were 312 F and 312 F for Tl and 177 F and 168 F for T2,
respectively. The differences were within 51 of reading, validating the technique.

Valid data was not obtained for panel Cl0. . .



2

Figures 5, 6, 7, and 8 are overlay sketches of the before test and after test
photographs of the test panels. They indicate the expanded damaged areas due .
to the aero-thermal heating of the tests.

The test results matrix indicates the local heating rate at the damaged area,
test duration, resultant total heat, the temperature changes at the damaged area,
a representative vehicular area where the TPS is applied, and comments as to the
structure (substrate) temperature remaining within design limit (300°F.
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- —— PRE-TEST DAMAGE
...... POST-TEST DAMAGE

FIGURE 5. PANEL Cl - 5/8" CORK
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. PRE-TEST DAAGE
------ POST-TEST DAMAGE

FIGURE 6. PANEL C6 - 1/4" CORK
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FIGURE 7. PANEL C10 - 1/2" CORK
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FIGURE 8. PANEL M13 - 1/8" MSA-1




APPENDIX F

MSFC ASSESSMENT OF DAMAGE TO THE
THERMAL PROTECTION SYSTEM



Nahional Acronautics and F r -
Space Administration G Sl

George C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama

35812
Repyloamol ELS1 (151-78) 0CT 2574

T0: EE1l/W. P. Horton .

THRU: EL41/W. A. Huff (44

FROM: EL51/R. D. Collins, Jr.

SUBJECT: Assessment of Lightning Damage to the
SRB Thermal Protection System (TPS)

Enclosed are the reports concerning the tests performed on
the SRB TPS specimens. Six specimens each of MS2 and Cork
TPS coated panels were sent to Lightning and Transients
Research Institute (LTRI) where they were struck with simu-
lated lightning as required by JSC-07636, Shuttle Lightning
Protection Criteria Document. Results of this test are
reported in Enclosure 1 and show that damage and cracking
up to 4 inches in diameter could occur,

Four of these specimens with the worst damage were then
tested in the MSFC Hot Gas Facility for aero-thermal
degradation. Results of this test are reported in Enclosure 2.

beveling of the ragged surfaces. Temperatures on the bare
.metal surfaces were monitored during the test and did not
exceed 5% of design values.

As a result of these tests weé can conclude that although
some TPS material will be removed if struck by lightning,
no significant additional degradation will occur, and tem-
pPerature excursions are acceptable,.

Gl /,

/
‘Rufus D. Collins, Jr.
Chief, Systems Engineering Division

2 Enclosures

cc:
(See page 2)



